Isolated walls of Bacillus subtilis Marburg, prepared in a manner which avoided metal contamination other than by the growth medium, were incubated in dilute metal solutions, separated by membrane filtration (0.22 ,um), and monitored by atomic absorption to give uptake data for 18 metals. Substantial amounts of Mg2+, Fe3+, Cu2+, Na+, and K+ (amounts which were often visible as electron scattering in thin sections), intermediate amounts of Mn2 , Zn2+, Ca2 , Au3+, and Ni2+ (the higher atomic-numbered elements also visible as electron scattering), and small amounts of Hg2+, Sr2+, Pb2+, and Ag+ were taken into the wall. Some (Li+, Ba2+, Co2+, and Al3+) were not absorbed. Most metals which had atomic numbers greater than 11 and which could be detected by electron microscopy appeared to diffusely stain thin sections of the wall. Magnesium, on the other hand, partitioned into the central region, and these sections of walls resisted ruthenium red staining, which was not true for the other metals. Areas of the walls also acted as nucleation sites for the growth of microscopic elemental gold crystals when incubated in solutions of auric chloride. Retention or displacement of the metals was estimated by a "chromatographic" method using the walls cross-linked by the carbodiimide reaction to adipic hydrazide agarose beads (which did not take up metal but reduced the metal binding capacity of the walls by ca. 1%) packed in a column. When a series of 12 metal solutions was passed through the column, it became evident that Mg2+, Ca2+, Fe3+, and Ni2+ were strongly bound to the walls and could be detected by both atomic absorption and by their electron-scattering power in thin sections, qhereas the other metals were fisplaced or replaced. Partial lysozyme digestion of the walls (causing a 28% loss of a [3H]diaminopimelic acid label) greatly fiminished the Mg2+ retention but not that of Ca2+, Fe3+, or Ni2+, indicating that there are select sites for various cations.
It is well known that some metals (e.g., Mo, Fe, Mg, Ca, K, etc.) are concentrated from the environment by microorganisms or are actively sequestered by organic chelating agents, such as the exochelins, to satisfy the specific requirements of metal-enzymes and/or structural components (5, 6, 8, 22, 28, 30, 36, 45) . Some, such as Fe or Mn, are precipitated as insoluble oxides or hydroxides in extracellular sheaths (37, 38) and lead to metal-rich deposits. Certainly Mg2+ is required for the assembly and stability of the plasma membrane of bacteria (15) and for the outer membrane of the gram-negative wall (22, 27) , and Ca2+ or Sr2+ is required for the integrity and attachment ofsuperficial cell wall layers (5, 6, 8) . The ash of some wall constituents such as the murein of Klebsiella pneumoniae (16) and a marine pseudomonad (47) contain cationic species, particularly Ca2+ and Mg2+. All these and many other such observations (21, 26, 40, 41) indicate that there may be rather specific mechanisms and sites in the bacterial envelope for the trapping of metals; yet remarkably little in the way of physicochemical data seems to be available, nor have model systems been developed to explore the mechanisms and specificities of interaction.
The most durable anionic organic constituents of bacteria are provided by the structural polymers of the cell wall which are, in general, complex polyanions and would seem to offer likely sites for the trapping of metal cations. We have set out to develop a simple set of methods for studying this trapping phenomenon using isolated cell walls ofBacillus subtilis as representative of the kinds of durable organic polyanions we need for a model.
MATERIALS AND METHODS
Precautions taken to prevent metal contamination during experiments. Metal contamination from glassware is a hazard for accurate inorganic analy-METALLIC UPTAKE AND RETENTION IN B. SUBTILIS 1503 ses and for this reason only plasticware, which had been previously leached of contaminating metals by overnight concentrated HNO3 (reagent grade, McArthur Chemical Co., Montreal, Canada) treatment, was used throughout the experiments. With the exception of the growth flask (which was glass), only polypropylene or TPX-nalgene (Nalge Sybron Corp., Rochester, N.Y.) containers were used. The water, which was double distilled and deionized, and all reagents were checked by flame atomic absorption analysis for metal contamination before each experiment.
Preparation of cell wall fragments. Thirty milliliters of an exponentially growing culture of Bacillus subtilis Marburg cells (University of Western Ontario collection no. 1032) was inoculated into a 6-liter flask containing 3 liters of NSMP medium which contained, per liter: 8 g of nutrient broth (Difco Laboratories, Detroit, Mich.), 20 mg of DLmethionine (Fisher Scientific Co., Pittsburgh, Pa.), 25 mg of L-tryptophan (Fisher), and 10 g of D-glucose (Difco) as organic supplements; CaCl2 (Sigma), MgCl2 (Sigma), MnCl2 (Fisher), and FeCl3 (Fisher) as a salt mixture; and mono-and dibasic potassium phosphate as a buffering agent (18) . After incubation at 22°C for 12 h on a rotary shaker, this medium produced an exponential, nonsporulating culture with a Klett reading of 214 (Klett-Summerson photoelectric colorimeter, Klett Manufacturing Co., Inc., New York, N.Y.). The cells were harvested and washed twice in deionized distilled water (DDW), resuspended in 0.05 M N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffer (A grade; Calbiochem, Los Angeles, Calif.) adjusted to pH 7.2 with 1 N NH40H (reagent grade, the British Drug Houses [Canada] Ltd., Toronto, Canada) and broken by using a French pressure cell (American Instrument Co., Inc., Silver Spring, Md.) operating at 20,000 lb/in2.
The envelopes were separated centrifugally (10,000 x g, 30 min) after removal of the unbroken cells (3,000 x g, 30 min), resuspended in 50 ml of HEPES buffer, and immediately heated to 100°C for 10 min to denature autolysins. The subsequent washings (two times), treatment with 50 ,ig of deoxyribonuclease per ml at pH 4.5 with 1 mM MgCl2 for 3 h at 25°C, further washing (two times) and treatment with 100 ,ig of ribonuclease per ml at pH 7.2 for 3 h at 37°C, and washing until the optical absorbance at 260 nm approached zero were all performed with 50-ml volumes of HEPES buffer (all chemical and enzyme additives from Sigma). The fragments were next suspended in HEPES buffer to give a Klett reading of ca. 150, and a 1-ml portion was layered on top of a 10-50-60-70% discontinuous gradient (2 ml of each concentration) using sucrose of density gradient grade (Schwarz/Mann, Div. of Becton, Dickinson & Co., Orangeburg, N.Y.) mixed in HEPES. This gradient was then centrifuged for 30 min at 12,000 x g using an HP-4SB Sorvall centrifuge head (Ivan Sorvall, Inc., Norwalk, Conn.). The band at the 50 to 60% interface was collected and dialyzed overnight at 4°C in 2 liters of HEPES, followed by an 8-h dialysis in 2 liters of DDW at 4°C, after which the dialysate was lyophilized. Repetition of this technique provided almost 50 mg (dry weight) of wall material from the 3 liters of culture. The purity of the wall fragments was ascertained by electron microscopy (negative stains and thin sections) and testing for reduced nicotinamide adenine dinucleotide oxidase as a marker for plasma membrane enzymes (42) .
Preparation of [3HIDAP-labeled wall fragments.
Cells were cultured through 60 generations in four changes of 100 ml of NSMP medium containing 2 lig of DL-methionine per ml, 2.5 ,ug of L-tryptophan per ml, 10 mg of D-glucose per ml, 100 ug of L-lysine (Sigma Chemical Co., Detroit, Mich.), 100 ,ug of DLa,e-diaminopimelic acid (DAP) (Sigma) per ml. Reduced nicotinamide adenine dinucleotide oxidase detection. This assay was done according to Osborn et al. (42) using a Gilford 2400 recording spectrophotometer (Gilford Instruments Laboratories, Inc., Oberlin, Ohio) to test 10-to 100-,ug (dry weight) quantities of either: (i) purified wall fragments, (ii) crude wall fragments (a preparation of mechanically disrupted cells which has had the unbroken cells removed by centrifugation and which thin sections indicated possessed plasma membrane), or (iii) reduced nicotinamide adenine dinucleotide oxidase of known specific activity (Diaphorase, pig heart; specific activity, 3.1 ,imol/mg of protein per min; Sigma). In all cases the reaction could be completely inhibited by 10 mM cyanide.
Uptake analyses using either cold or [3H]DAPlabeled wall fragments. The following salts were used for metal uptake studies: LiCl, NaCl, KCl, SrCl2 * 6H20, BaCl2 * 2H20, MnCl2 * 4H20, FeCl3 * 6H20, CoC12, Ni(NO3)2 * 6H20, CuCl2 2H20, AgNO3, ZnCl2, Al2(SO4)3 18H20, Pb(NO3)2, HgCl2 (all reagent grade; Fisher Scientific Co.); CaCl2, MgCl2 * 6H20 (Sigma), and AuCl3 * 2H20 (K & K Laboratories, Inc., Jamaica, N.Y.). One milliliter of a 10 mM solution of a metal salt was combined with 1 ml of DDW containing 0.5 mg (dry weight) of the wall fragments per ml in a 10-ml disposable plastic syringe (Plastipak, Becton-Dickinson & Co., Mississauga, Ontario, Canada) and reacted for 10 min with continuous agitation with the plunger pulled back to the 5-ml position. Experi- (Millipore) , and the filtrate was collected in a 100-ml TPX Nalgene beaker. Two volumes of 10 ml of DDW was taken into the syringe (without filter attachment) and agitated for 5 min, and each of these was forced through the original filter. Thirty milliliters of DDW was next forced through the filter to wash any unbound metal salt into the filtrate (all filtrates were combined). The combined filtrate was heat dried, and the residue was treated with 20 ml of concentrated HNO3 which was heated to dryness. Twenty milliliters of HNO3 was used in the same manner to hydrolyze the filter plus wall fragments. Controls, in which 1 ml of DDW was substituted for the wall suspension, were treated in exactly the same manner. All hydrolysates were dissolved in 0. 15 Electron microscopy of metal uptake reaction mixtures. The walls were treated as described in the uptake experiments, except that after the washing procedure they were scraped from the Millipore filter and fixed in 4% glutaraldehyde (EM grade, Polysciences Inc., Warrington, Pa.) in DDW for 1 h at 22°C (atomic absorption analysis indicated that the glutaraldehyde was free from metal contamination) and washed by centrifugation in 3 x 10 ml of DDW. The walls were next enrobed in Noble agar (Difco), dehydrated through an acetone series, embedded in Vestopal W (Martin Jaeger, Vesenaz, Geneva, Switzerland), and sectioned on a Reichert model OMU2 ultramicrotome, and silver sections were collected on carbon-Formvar-coated 200-mesh grids. No stains were applied to the sections for the initial detection of metal by electron microscopy. In several instances ruthenium red (500 ,ug per ml of DDW) (Polysciences Inc.) or uranyl acetate followed by lead citrate (48) were used to stain the sections on the grids to ascertain the "stainability" of the walls after their metal incubations.
X-ray analysis for elemental gold in wall fragments. The wall fragments were incubated in a 5 mM solution of AuCl3 2H20 in the dark and embedded as if for sectioning. A 1-mm3 block of Vestopal W-embedded wall fragments were used as the specimen, mounted on a glass fiber, suspended in the center of a Gandolfi Powder Camera (diameter, 57.3 mm), and analyzed using filtered Fe K alpha radiation. The identification of metallic gold was obtained by comparison to the Joint Committee on Powder Diffraction Standards file (1974) for this element.
Preparation of F-Con A for electron microscopy. The conjugation of ferritin (General Biochemicals Div. [Mongul Corp.] , Chagrin Falls, Ohio) to concanavalin A (F-Con A) (Nutritional Biochemicals Corp., Cleveland, Ohio) was accomplished by the method of Nicolson and Singer (39) , and the active fraction was purified as described by Agrawal and Goldstein (1) .
Electron microscopy using F-Con A. The reactivity of the conjugate was assessed by mixing a 0.1-ml suspension of wall fragments (0.5 mg [dry weight]/ ml) with 0.1 ml of the F-Con A (1 mg of protein per ml), incubating at 22°C for 60 min with continuous agitation, and washing the wall fragments five times with 5 ml of 0.5 M NaCl-0.05 M sodium phosphate buffer, pH 6.8. These walls were layered on a carbon-Formvar-coated grid, scanned with an electron microscope, and compared to a control mixture which contained either 0.1 M -glucose (Fisher Scientific Co.) or 0.1 M a-methyl-D-mannoside (Sigma) as specific blocking agent.
The wall fragments, after incubation with metal salts, were treated as previously described for the electron microscopy of metal uptake reaction mixtures, except that after the metal washing procedure the walls were resuspended in 0.1 ml of DDW and mixed with 0.1 ml of F-Con A in 1 mM phosphatebuffered saline (phosphate-buffered saline concentration was lowered by dialysis) and the reaction mixture was continuously agitated for 60 min at 22°C. The qalls were then pelleted by centrifugation, washed five times with 10-ml volumes of DDW, fixed for 60 min at 22°C with 4% glutaraldehyde (Polysciences Inc.), and processed for sectioning as previously described.
Binding of wall fragments (cold or [3H]DAP labeled) to adipic hydrazide agarose. Adipic hydrazide agarose (AHA) (Miles Laboratories, Inc., Elkhart, Ind.) was dialyzed overnight at 4°C in 6 liters of DDW to remove the toluene preservative. Ten milligrams (dry weight) of wall fragments was added to 20 ml of AHA, the slurry was adjusted to pH 5.0 with 1 N HCI, and enough 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride )edc, Storey Chemical Corp., Muskegon, Mich.) was added to make the mixture 0.1 M. This reaction mixture required slow stirring and was monitored for pH fluctuations (adjustments made with 0.1 N HCI) until the pH stabilized (ca. 1 h after initiation of reaction), and the reaction continued for 24 h at 22°C after which the slurry was allowed to settle by gravity, the suspending fluid was aspirated, and the beads were washed with 50 ml of DDW 5 times to remove unabsorbed wall fragments.
Metal retention studies. Twenty milliliters of the AHA slurry with bound wall fragments (AHA-WF) J. BACTERIOL. filter (Millipore) supported on a 1-cm Swinnex filter grid (taken from a 13-mm polypropylene Swinnex filter holder; Millipore) immediately above the outlet (column no. 1). After the slurry had settled (settled volume, 10 ml) the column was washed with 200 ml of DDW. These preparatory steps and the following experiment were performed at 4°C, and all plasticware had been previously leached with concentrated HNO3.
A series of metal salts was added in the following manner. A 1-ml portion of a 5 mM solution was layered on top of the column, allowed to run into the AHA-WF matrix, and immediately chased with 50 ml of DDW to wash unabsorbed metals from the column, and the effluent was collected in a 250-ml TPX Nalgene beaker. Once the DDW had reached the column surface, the effluent flow was stopped, another collecting beaker was placed under the column nozzle, a different 5 mM metal solution (1 ml) was layered on top, and the flow once again was started. This process was repeated until 10 metal solutions had been run through the column. The order of the application to the column was as follows:
Two control columns were used for this experiment, and the same experimental procedures and sequence of metals were applied to them; column no. 2 contained AHA-WF ([3H]DAP labeled) and column no. 3 contained AHA alone (i.e., without attached wall fragments). In column no. 2 the effluent in each beaker was heated to dryness, the residue was digested with hyamine, and [3H]DAP was estimated by liquid scintillation to obtain an index of any cell wall degradation during the experiment. In column no. 3, the effluents and column matrix provided atomic absorption background readings for AHA and the acrylic of the column. The matrix was processed in parallel to that of column no. 1 as follows. After the experiment the slurry from each column was hydrolyzed with 20 ml of concentrated HNO3 and heated to dryness. The collecting beakers from the columns, which each contained 51 ml of effluent, were heated to dryness, and the residue was hydrolyzed in the same manner as described for the column slurries. The hydrolysates were redissolved in 0.15 N HNO3 containing 1,000 ,ug of CsCl per ml, and each was analyzed by atomic absorption for all 10 metals. Metal retention was estimated by determining the amount of each metal in the slurry and applying this value to the amounts in the effluents. For the experiment to be valid the amount of each metal in the slurry combined with the amount in the effluents must equal (±+1%) the total available.
Metal retention of wall fragments partially digested by lysozyme. Three columns were used in this experiment; all columns were packed as described previously, two (no. 4 and no. 5) with AHA-WF and one (no. 6) with AHA-WF ([3H]DAP labeled). After being packed and washed, all three columns were brought to 22°C, and a 10-ml solution containing 25 gg of lysozyme (Sigma) per ml was run into columns no. 4 and no. 6 . After a 2-h incubation period all columns were washed with 100 ml of cold DDW, the effluent of column no. 6 was collected (and processed for an estimation of [3H]DAP leakage as previously described), and all columns were brought back to 4°C. The same series of metal salts and procedures as previously described for metal retention studies was applied to each column.
Column no. 4 was used to obtain metal retention values for fragments partially digested by lysozyme, column no. 5 was an undigested control column, and column no. 6 was used to establish an estimate of cell wall disruption by the lysozyme as well as from each metal as it was put through the column.
Electron microscopy of metal retention experiments. In several instances 0.05-ml portions were taken from the columns used in the metal retention studies of whole wall fragments and partially digested fragments, and these were fixed for 60 min at 22°C with 4% glutaraldehyde in DDW. These were next washed five times with 5 ml of DDW by centrifugation at 750 x g (higher centrifugal force collapsed the AHA beads) and processed as previously described for thin sections. RESULTS
Metal uptake experiments. There were three bands after discontinuous sucrose gradient centrifugation of the crude wall preparation: band no. 1 at the sample-10% sucrose interface; no. 2 at the 10 to 50% interface; and no. 3 at the 50 to 60% interface; and a pellet at the end of the tube. Negative stains of interface no. 1 revealed small membrane vesicles and particulate debris (ribosomes?); of no. 2, small cell wall fragments which were often associated with membrane material; of no. 3, large wall fragments consisting of polar ends and cross walls; and of the pellet, unbroken cells. Thin sections of interface no. 3 demonstrated large wall fragments which were free from plasma membrane and cytoplasmic contamination ( Fig. 1 and 2A) , and tests on these fragments for reduced nicotinamide adenine dinucleotide oxidase activity (a plasma membrane enzyme of Bacillus subtilis [31] ) suggested that this wall fraction had undetectable activity when compared to a crude wall preparation which contained membrane (e.g., this crude preparation had 0.33 x ,uM activity/mg [dry weight] per min when compared to diaphorase).
Atomic absorption analyses of these wall fragments suggested that they were in the magnesium form, presumably due to the Mg2+ in the growth medium, and contained, respectively, 0. ;;k \ 7
Wall fragments which were incubated in the various metal solutions for 10 min at 22°C gave the metal uptake values found in Table 1 and, in the cases of Mg2+, Cu2+, Mn2+, Zn2+, Fe3+, or Au3+ incubations, the walls became visible by electron microscopy (compare Fig. 2B with 3 , 4A, 7 and 13) presumably due to the electronscattering power of the absorbed metal. In most cases (with the exception of Mg2+ and Au3+) the walls were diffusely stained by the metals (Fig.  3) , although in the case of Fe3+ both inner and outer surfaces appeared slightly more dense (Fig. 4A ), but this could be due to a penetration problem for the metal. Walls stained with these metals when measured had a width comparable to those which had been stained with uranyl acetate and lead citrate (compare Fig. 2A, 3 , and 4A; arrows indicate 25-nm widths in each wall fragment). The walls which were incubated with Fe3+ occasionally revealed dense crystaloids on the wall surfaces which had a definite lattice network (Fig. 4B is representative).
On the other hand, although Mg2+ had a large uptake value (Table 1 ) the walls showed extremely slight contrast (presumably due to the metal's low atomic number), and this metal appeared to delineate the central region of the cell wall (Fig. 7) . Measurements of cross-sectioned walls indicated that this region extended 16 nm in width, diffusely scattered electrons, and lay 5 to 9 nm from both inner and outer wall surfaces (i.e., the less dense spaces which enclose this urea). Thin sections stained by Reynolds' method (48) indicated that walls not suspended in the Mg2+ solution had a minimum width of 25 nm, usually at the polar cap, and a maximum of 35 nm, usually along the cross wall ) fig. 1 and 2A are representative). The measurements of the apparent thickness of Mg2+-incubated walls fell within these limits but, since we had no definite surface label for these sections of walls, we could not rule out artifacts (e.g., the possibility of expansion induced by the electron beam and/or the contraction of the wall-Vestopal W interface). The possibilities were tested in two ways: (i) using the electron scattering, nonpenetrating, and wallspecific label provided by F-Con A; and (ii) using no stain except for Mg2+ until after sectioning and then treating the section with either uranyl acetate-lead citrate or ruthenium red. After these stains there should be a doubling effect between the Mg2+ and the applied stain, thereby accentuating the location of the magnesium.
Experiments involving incubation of walls with F-Con A (Fig. 5) or F-Con A blocked with either 1-glucose or a-methyl-D-mannoside in the reaction mixture (Fig. 6 ) demonstrated that the F-Con A attached to the wall and that the specificity was presumably directed at the a-D- glucose residues of the wall-bound teichoic acid (7, 11) . Sections of walls treated with F-Con A alone demonstrated attachment on both inner and outer wall surfaces, with a minimum separation of 30 nm for polar cap wall and 40 nm for cross wall (Fig. 7) . Wall fragments which were incubated in Mg2+, washed, and then treated with F-Con A showed a definite displacement of the ferritin particles from the double track of absorbed Mg2+ (Fig. 8) .
Two independent stains were applied to sections of untreated and Mg2+-treated walls. Ruthenium red is specific for acid mucopolysaccharides (35) and, in this case, would be expected to attach to teichoic acid (19) . Reynolds' uranyl acetate-lead citrate (48) is a nonspecific stain for the anionic groups of the section (23) . When walls incubated in Mg2+ were sectioned and stained with ruthenium red the staining reaction was questionable (Fig. 9) . Although some density was contributed by the stain, it was not of the same order as seen in walls not treated with Mg2+ or in walls which were incubated in other metal solutions. On the other hand, Reynolds' stain imparted high contrast to the wall (Fig. 10) , and the doubling effect of the stain on the bound Mg2+ was very apparent (see small spacing aspect, Fig. 10 ). With both stains the wall exhibited total widths of 25 to 35 nm, and this confirmed the localization of the Mg2+ into a central region-of the cell wall.
Wall fragments that had been treated with AuCl3 2H20 revealed small (5 to 25 nm), extremely dense granules within the wall substance after a 5-min incubation (Fig. 11) , and within 10 to 15 min these granules had grown and exhibited definite geometrical shapes almost obliterating the image of the cell wall (Fig. 13) . Examination of the crystal form and X-ray diffraction of the wall fragments (Fig. 12 ) revealed that these dense granules were elemental gold.
Of the wall fragment preparations tested, the electron-scattering ability was (Table 2 ). Exposure to 5 mM concentrations of the two metals for this extended period provided lower uptake values than had been found after a 10-min incubation at 22°C. There appeared to be a relatively small increase in the Mg2+ uptake for a 100-fold increase in the initial metal concentration, i.e., about 30% on a molar base. Thin sections of these walls demonstrated the same Mg2+ partitioning as previously described, although this was harder to demonstrate with the 0.5 mM incubation (presumably this Mg2+ uptake concentration was approaching the limits of electron-scattering power). Wall fragments that were incubated in the Fe3+ solutions demonstrated a drastic decrease in metal uptake, but this uptake appeared to be concentration dependent (Table 2 ). Thin sections of these walls revealed numerous dense crystaloids (similar to that seen in Fig. 4B ) attached to wall fragments as well as scattered throughout the embedding medium. The walls had less electron-scattering power than that observed in Fig. 4 , and this, no doubt, was due to decreased uptake.
When [3H]DAP-labeled fragments were used in the 10 min at 22°C or the 42 h at 4°C metal uptake experiments and the filtrate was monitored for radioactivity, there was no discernible [3H]DAP released from the walls. Metal retention experiments using the affinity chromatographic column technique. The wall fragments cross-linked to AHA beads by carbodiimide (EDC) reaction were firmly bound to the beads and could not be dislodged by sonication of the mixture. In fact, the beads were shattered before the walls were torn from the bead surface. Phase microscopy (Fig. 14A ) and thin sections (Fig. 14B) of beads with attached wall fragments (AHA-WF) showed large numbers of fragments on the bead surfaces. Monitoring for radioactivity ([3H]DAP) in the wash fluids and in AHA-WF during several runs indicated that 95 to 98% ofthe total available was in the AHA-WF fraction, and this activity was not eluted from the column during the course of a metal retention experiment. Higher magnification of thin sections of AHA-WF demonstrated that the EDC reaction had not altered the ultrastructure of the wall fragments and that thin fibrils from the AHA bead extended to the attached surface of the wall (Fig. 15) . It was of interest that even a part of the bead substance could be stained by Reynolds' method. Analyses of AHA and AHA-WF for metal uptake indicated that the beads captured no more than 1 to 5% of the total (depending on the metal) and that the cross-linking reaction had reduced the metal-binding capacity of the walls by no more than 1%. This latter observation was more or less confirmed by comparison of the metal retention and uptake values (i.e., compare Mg2+, Ca2+, and Ni2+ values in Tables 1 and 3) .
Part of Table 3 records the metal retention capacity of the whole cell wall after exposure to a series of metal solutions by assay of the amount of each metal bound to the wall at the completion of the experiment. A surprising amount of metal remained in the walls (i.e., 13.068 ,umol of metal per mg (dry weight) of wall fragments) and most of this consisted of firmly bound Mg2+ and Fe3+. Other metals which were not easily displaced were Ca2+ and Ni2+, whose retention values compared well with the uptake values; and these, together with Mg2+ and Fe3+, accounted for 93% of the retained metal in the walls based on micromoles per milligram (dry weight) of wall fragments. This quantity of metal was readily visible in unstained thin sections of the AHA-WF after the metal series had been completed (Fig.   16 ). In this instance the AHA matrix was not visible (an indication of little or no metal uptake competition between the matrix and cell walls), but the wall fragments exhibited strong electron-scattering ability, the greatest retention of metal occurring at the outer surface of the wall (Fig. 16) . Once again ruthenium red (as a staining reagent for thin sections) produced a marginal increase in the density of the fragments which was similar to the Mg2+-incubated walls used in the uptake experiments.
The walls on AHA-WF partially digested by lysozyme lost 28% of their total [3H]DAP and, when thin sectioned, their compact structure had become loosely knit (Fig. 17) . Table 3 also shows that these walls retained less than onethird of the metal held by the whole cell walls (i.e., 3.978 ,umol/mg [dry weight] of wall fragments compared to 13.068 from the previous experiment). The retention values for all metals, with the exception of Ni2+, were reduced, and in the case of Mg2+ the reduction was extreme. Fe3+ alone contributed 72% of the retained metal. Thin sections ofthis material still provided ample electron scattering to visualize the wall fragments, but the loose nature of the wall substance would not allow easy determination of any partitioning of the retained metal (Fig. 18) . DISCUSSION Cell walls ofB. subtilis may contain as much as 70% of their dry weight as teichoic acid when grown in phosphate- (14) and glucose-containing medium (F. J. Kruyssen, W. R. de Boer, and J. T. M. Wouters, Proc. Soc. Gen. Microbiol. 3: 30, 1975 ) and these conditions were used to produce the bacteria for our experiments. This anionic polymer of a-D-glucopyranosyl glycerol phosphate is covalently linked to the peptidoglycan of the wall (25) , which itself consists of an alternating polymer of ,8-(1,4)-linked N-acetylglucosamine and N-acetylmuramic residues, the latter unit bearing a short peptide The wall fragments exposed to metal solutions behaved, for the most part, as nonspecific ionophores, since a variety of metals was absorbed by the wall substance (Table 1) . This behavior was not in itself surprising, since many potential anionic sites are available in and on the wall, i.e., the teichoic phosphodiester groups (24) , the free carboxyl groups of the peptidoglycan (in particular, the carboxyls of the glutamic residues and also of the DAP of one strand and the C-terminal D-alanine of the other [47] ), and, to a lesser extent, the sugar hydroxyl groups of both wall polymers and the amide groups of peptide chains (46) . However, the extreme uptake of several metals was unexpected and could readily be verified by their electron-scattering properties in thin-sectioned material.
Magnesium is an element of low atomic number and cannot be expected to scatter electrons to any degree unless unusually large quantities are present, and these amounts were found in the central region of the wall (Fig. 7) . Subse' quent preparations indicated that this image was not an artifact ( Fig. 8 and 10 ). This sequestering of the metal into a specific region of the wall implied a degree of macromolecular arrangement hitherto undetected in B. subtilis (this region differing in at least its ability to trap Mg2+). The difficulty of enhancing the contrast of the image with ruthenium red (Fig. 9 ) may imply that some Mg2+ was bound to wall teichoic acid (19) , thereby reducing the numbers of available binding sites in the wall to the stain. Ruthenium red stain alone increased the scattering power of the entire cell wall and not just the central region, which could argue that the teichoics extend through the wall substance. Studies (17) . The large uptake values and specificity of retention seen in our results with the B. subtilis cell wall indicate that this system is more closely allied with a condensed form with a specificity of sites for discrete cationic species. It is encouraging to note that the recent models for bacterial mucopeptide have a condensed format (17) . With respect to the B. subtilis cell wall it is our feeling that to label it either "topen" or "condensed" may be too simplistic, since several subtle factors dealing with water chemistry and/or water structure, metal complexing, interfacial phenomena, etc. may also be involved in the total metal uptake.
Comparison of magnesium retention between whole B. subtilis walls and lysozyme-partially digested walls (Table 3) indicated that the enzyme destroyed much of the retention ability, and this implies that a peptidoglycan constituent (or closely associated component) was connected with the Mg2+-binding ability. Unfortunately, comparisons of simple uptake analyses, using the membrane filter technique, between whole and digested walls could not be performed because of the lack of retention of the digested fragments by the filter. Longer incubation times in the presence of three concentrations of Mg2+ demonstrated only slightly increased Mg2+ uptakes during 10- fold concentration increases (i.e., ca. 15% increased uptake for a 10-fold concentration increase), which may indicate that the most easily available sites for Mg2+ entrapment have been filled at the lower concentration. Comparison of the combined atomic absorption analyses of the retentate plus filtrate after the experiment suggested that some magnesium had adsorbed to the plastic of the syringe, resulting in the overall decreased uptakes (compare the 5.0 mM Mg2+ uptake values in Tables 1 and 2) .
Substantial quantities of Fe3+, Cu2+, Na+, and K+ were also taken into the wall (Table 1) , but Fe3+ appeared to be more strongly bound since the other metals could be replaced (Table   3 ). Iron uptake, unlike magnesium, conferred diffuse density throughout the wall, and only rarely were highly scattering wall crystaloids seen after short incubation periods (Fig. 4B) ; however, this was not the case for longer incubations where copious crystaloids were revealed in thin sections. Atomic absorption analyses of the walls after these longer incubations demonstrated that greatly reduced quantities of iron were retained by the filter (Table 2) , and this implied that some of the bound iron (which was seen after a 10-min incubation) had been leached from the walls. Fe3+ is an unstable aquo-ion in solution (except in strongly acidic conditions) and may undergo a series of hydrate transition states, one of which is the insoluble oxide hydrate (3). It is possible that the walls were demonstrating a two-step process during the 42-h incubation; the first event in time may involve the capturing of discrete and unstable iron hydroxide species by the anionic wall fragments, and the second may involve the formation of crystaloids (presumably an aggregate of iron oxide hydrate initiated by event no. 1) on the surface of the wall. Once these crystaloids had formed, they should have provided a more thermodynamically favored site which, by equilibration and time, would leach the dispersed iron species from the interior of the wall. If this was the case, any wall-bound iron leaving its secure position would be captured by the growing crystaloids until very little was left in the walls, and this was substantiated by the lowered uptake values and a decrease in the electron-scattering power of the 42-h walls. During the filtration process preliminary to atomic absorption analysis most of the crystaloids (<< 0.22 ,um) would be found in the filtrate, thereby producing the low iron yields of the walls. On the other hand, during a metal retention experiment (i.e., affinity chromatographic column experiment) the continual movement of solution and wash through the AHA-WF would not allow aggregates of iron oxide hydrate to become established and accumulate, and therefore the competition process would not be able to potentiate leaching of iron (Table 3 ). The uptake of gold appeared to be a unique process which was not shared by the other metals. Au3+ is also unstable in aqueous environments, and its halides are readily hydrolyzed in water to form hydrous auric oxide precipitates (50) . X-ray diffraction analysis of Au3+-incubated wall fragments demonstrated that they contained elemental gold and not the oxide (Fig. 12 ) and suggested that this was not a simple precipitation process. In fact, thin sections of these walls revealed that initiation of the uptake began at discrete points in the wall substance and grew, as crystals, until they extended beyond the limits of the wall fragment (compare Fig. 11 and 13 ), which indicated a two-step process (i.e., [i] discrete regions in the wall substance captured enough Au3+ to initiate [ii], a seeding process for the crystallization of elemental gold). If this process was in fact at work, then the eventual bound gold concentration would not be an accurate indication of available sites for Au3+, but a combination of the gold contributed by both processes.
After they had been suspended in the various metal solutions, thin sections of the walls, without exception, could be further stained by the uranyl acetate-lead citrate method (48) . This fact suggested that either some sites were still available in the wall or that the UO22+ or Pb2+ ions could replace the other metals. Although we have no uptake values for the uranyl ion, Pb2+ was poorly taken into the wall substance (i.e., 0.020 umol/mg [dry weight] of wall fragments), but this was at much lower pH than Reynolds' reaction [i.e., pH of Pb(NO3)2 wall fragment suspension was 4.5 compared to pH 12.0 for the Pb citrate stain]. The sequence of the staining solutions for the thin sections was 2% uranyl acetate at low pH (e.g., pH 4.0, and this cannot be higher unless a chelating agent is added [23] ) and then the high-pH Pb citrate stain. These two extremes in pH may have affected the number of sites in the wall normally available and/or displaced the metal with either the UO22+ or Pb2+ of the staining solutions. This mechanism, of course, did not dislodge all of the Mg2+ from the central wall region which was strongly bound (Fig. 10) .
Most charge-free spacer gels have been used for the immobilization of relatively small ligands such as nucleotides (34) and proteins (29) , and to our knowledge this is the first application of this technique to complex structural entities such as whole bacterial wall fragments. Experiments in our laboratory indicate that it may also be applied to whole cells (T. Beveridge and T. Jack, unpublished observations). Using a variety of gels, we have observed that the AHA beads provide copious numbers of linked wall fragments on the bead surface, suitable "flow rate" in the column, and minimal uptake of the metals. When linked to AHA the walls lost no more than 1% of their ability to bind metals, and this loss was presumably due to the covalent bonds established between surface wall carboxyl groups and the hydrazide groups of the AHA during the carbodiimide reaction. The presence of excess water during the reaction means that this water acts as a nucleophile to regenerate most unlinked VOL. 127, 1976 on July 6, 2017 by guest http://jb.asm.org/ carboxyl groups in the wall during the conversion of the carbodiimide to its urea end product (9), thereby maintaining carboxyl availability for metal interaction.
When a series of 12 metal solutions was passed through AHA-WF columns it became evident that Mg2+, Ca2+, Fe3+, and Ni2+ were strongly bound to the wall fragments, which suggests that their binding sites must differ. Conversely, Na+, K+, Cu2+, and Mn2+ must have been lost in competition with another metal ion for their binding site. Partial lysozyme digestion of AHA-WF reduced the retention values of all but Ni2+ and, for Mg2+, this reduction was drastic (Table 3 ). This was evidence that the peptidoglycan (or some closely associated constituent) contributed to the metal-binding ability of the wall substance. We hope to further elucidate the sites of metal-wall interaction.
Ifone thinks in terms ofa condensed verus an open ion-exchange system for the B. subtilis cell wall, it may very well be that the lysozyme digestion has in fact converted a relatively condensed system to a more open one, and this could explain, in part, the drastic reduction and specificity of total bound metal in the digested walls. It is of interest to note that thin sections of these walls suggest a more loosely knit structure ( Fig. 17 and 18) .
The gram-positive cell wall has been compared to a low-density, ion-exchange resin (43, 44) , and its hydrophobic areas have been compared to traps for the binding of hydrophilic molecules (10) . Metal cations could profoundly influence the hydrophobic-hydrophilic nature of the wall as well as its electrical characteristics, and the degree and type of metal binding to the wall would be a function of the external accessibility of metal ion species and the strength of binding. The limiting porosity of Bacillus megaterium plasma membrane is ca. 0.6 nm, but this is reduced by the addition of Mg2+ (20) , and if these walls are similar to B. subtilis, then the wall magnesium content may profoundly affect the permeability of the membrane. In the case of B. subtilis, Ca2+, Mg2+, and La2+ have the ability to confer rigidity on the membrane (13) . Graphical analyses of changes in the molecular weight distribution of a single polydisperse polymer sample before and after its uptake in B. megaterium cells have demonstrated that the wall porosity is bilayered (i.e., the Einstein-Stokes hydrodynamic radii of outer, middle, and inner regions of the wall were 1.1, 3.0, and 27.0 nm, respectively [20] ), and it is possible that this change in porosity may affect, or be affected by, metal ions in the wall. It is striking that a bilayered J. BACTERIOL.
partitioning occurred with the magnesium in the wall fragments ofB. subtilis (Fig. 7) .
No simple electrostatic explanation of the binding of a metal ion to a ligand is satisfactory, since the preference for a particular ligand is a function of the cation in aqueous solution, and this can become highly selective if not specific (52) . For this reason each metal may bind to a unique set of sites in the wall, possibly by different mechanisms, and therefore simple comparisons of uptake values may not have a common basis. Some of the characteristics which influence the selection of one ligand over another are size of cation, electronegativity, and gross steric factors ofthe ligand (52) , and, of great importance in aqueous chemistry, the heat of hydration and size and/or arrangement of the hydration shell (3, 51). Those metals absorbed by the wall fragments can be arranged in order of the quantities of uptake (in micromoles per milligram [dry weight] of wall fragments) and compared in terms of their ionic radii, heats of hydration, and number of water molecules in their hydration shells (Table 4) . No simple correlation of these three variables with uptake values could be made. A direct comparison of Fe3+ or Au3+ with the other cations was impossible, since in the former its interaction with water is unique and complex and in the latter elemental crystalization occurred. Crystal field stabilization energy introduces a subtle complexity which makes direct comparisons between transition metal ions and the alkali or alkali earth metal ions difficult, and this in part may account for the lack of simple correlation between the remaining metals. Ignoring such contributions, we may make a few observations; with the exception of C02+, the metals which were not taken up by the walls possessed either extremely large or small ionic radii (e.g., Ba2+ or Al3+) or heats of hydration (e.g., Li+ or Al3+) when compared to those metals which were taken up. In the case of the monovalent cations the uptakes were Li+ << Na+ -K+ > Ag+, and it is interesting to note that Li+ possesses the smallest ionic radius and the largest heat of hydration of this group. If the 2 + or 3 + metals are considered, we find that, with the exception of C02+ whose aqueous chemistry is unclear, extreme size (large or small) and/or extreme heats of hydration may be factors. Since no attempt was made to control pH or redox potential in these experiments the aqueous metal species (especially with the transition metals) involved in the reaction is at present unclear, and this too makes simplistic interpretations difficult.
This communication has shown that some diverse metals are selectively trapped (in some cases very tenaciously) in the cell wall of a ubiquitous gram-positive bacterium. Traces of microbes and considerable concentrations of metals have been found in sediments from ancient geological horizons (e.g., the isoprenoid hydrocarbons from the precambrian Nonesuch formation [12] , the mineralized remains of microorganisms from the Precambrian Gunflint chert of northern Lake Superior [2] , and possible microfossils from Precambrian iron formations found in the United States, Canada, Australia, and South Africa [321), and these are usually closely associated with metal deposits, often of large proportions. The exact manner of deposition of these metals is ofopen debate, and the associated microbial remnants lead one to speculate as to the possibility of their biological origin.
This phenomenon is now described, but the physicochemical basis for selectivity and tenacity is obscure. Experiments are in progress controlling pH and redox potential, modifying or blocking various reactive groups in the wall, and assessing the influence of various wall components.
